A unique process for regenerating calcium-based sorbents which are in the form of calcium sulfide was demonstrated by employing thermogravimetric analysis (TGA). The process converts calcium sulfide to calcium oxide by subjecting particles of the material to repeated cycles of oxidation and reduction at temperatures between 950 and 1100 °C. During each cycle a small portion of material is first converted to calcium sulfate by oxidation and then to calcium oxide by reduction. Air can be used for oxidation and any of the following gases can be used for reduction: 30 mol % CO, 5 mol % CH 4 , or 2 mol % C 3 H 8 . Repeated sulfidation and regeneration of typical calcium-based sorbents seems to enhance the reactivity of the materials. However, incorporation of iron oxide or flyash containing an appreciable concentration of iron oxide in the sorbent has a deleterious effect.
Introduction
Currently several types of integrated coal gasification, combined-cycle (IGCC) power generation systems are being developed which will be significantly more efficient than present systems. 1 To maximize the efficiency of an IGCC system, the hot fuel gas generated from coal must be utilized directly as a gas turbine fuel without cooling. However, this requires hot gas clean up, and it has been proposed to employ various metal oxides as regenerable sorbents for desulfurizing the hot fuel gas. [2] [3] [4] A metal oxide will react with hydrogen sulfide and carbonyl sulfide in the fuel gas to form the corresponding metal sulfide, and regeneration can be accomplished by treating the sorbent with an oxygenbearing gas at a temperature which is high enough to avoid forming the corresponding metal sulfate. Regeneration should produce sulfur dioxide in a concentration suitable for conversion into sulfuric acid or elemental sulfur. Metal oxides having considerable promise for this application include calcium, manganese, and zinc oxides. [5] [6] [7] [8] [9] Calcium oxide is an attractive material because it is inexpensive, readily available, and an effective sorbent at temperatures in the range of 800-1200°C. 5, 6 Although zinc-based materials are effective sorbents at lower temperatures, they can not be used much above 700°C in a reducing environment because zinc is volatilized. 2, 3 On the other hand, among the three types of metal oxides, zinc-based materials are the most easily regenerated and calcium-based materials the least easily regenerated. 5, 7, 9 Avoidance of sulfate formation during regeneration by the standard oxidative treatment requires a temperature in excess of approximately 600°C for zinc-based sorbents, 8,9 900°C for manganese-based sorbents, 7 and 1400°C for calciumbased sorbents. 10 Undoubtedly, the high regeneration temperature required for calcium-based materials has interfered with the application of these materials as sorbents for reduced sulfur compounds. Therefore, the recent discovery of a method for converting calcium sulfide to calcium oxide at a much lower temperature removes a major obstacle. This discovery arose from the realization that oxidation of a calcium sulfide particle at a lower temperature starts at the outer surface of the particle and proceeds inward only a short distance before the outer pores become filled with calcium sulfate which inhibits oxygen diffusion and slows or even stops the reaction. The phenomenon was recognized a number of years ago by Lynch and Elliott 10 while treating calcium sulfide pellets at 850°C with oxygen having a partial pressure of 0.10 atm. Interestingly, when oxidation was conducted between 1165 and 1350°C, the pellets underwent a natural cycle during which a small amount of calcium sulfide was converted to calcium sulfate which then decomposed to form calcium oxide. As the cycle was repeated over and over, the bulk of the material was gradually converted to calcium oxide. The cyclic behavior was not observed when oxidation was conducted above 1400°C, and calcium oxide seemed to be the only initial reaction product. While the cyclic behavior observed by Lynch and Elliott 10 is intriguing, it does not provide a practical means for converting calcium sulfide into calcium oxide because the thermal decomposition of calcium sulfate is prevented by even small concentrations of sulfur dioxide and oxygen. This fact is indicated by the equilibrium constant for the following reaction which has a value of only 0.0004 at 1225°C: 11 Fortunately, it was discovered recently that the shortcoming of thermal decomposition can be circumvented by employing reductive decomposition with a reducing agent such as carbon monoxide or hydrogen. Reactions such as the following are favorable thermodynamically above 900°C: 11 Consequently, by combining reductive decomposition with oxidation in a forced cyclic process, it becomes possible to convert calcium sulfide particles rapidly and completely to calcium oxide at a reasonable temperature, i.e., 900-1100°C. In using this approach, the particles are subjected alternately and repeatedly to oxidation and reduction, and calcium sulfide is converted one layer at a time, first to calcium sulfate and then to calcium oxide. Such a process can be carried out on a large scale by using a fluidized bed reactor which has both oxidizing and reducing zones or which is supplied with gas that is alternately oxidizing and reducing. 12, 13 The cyclic oxidation/reduction process has been demonstrated by means of thermogravimetric analysis (TGA), and the results are reported below. The effects of temperature and gas composition on the overall rate of conversion of calcium sulfide to calcium oxide are noted as well as the effect of subjecting typical calciumbased sorbents to repeated sulfidation and regeneration. In addition, the effect of coal ash on both sulfidation and regeneration of the sorbents is indicated.
Experimental Methods
Calcium sulfide having a purity of 99% was utilized for studying the effects of process conditions on the conversion of calcium sulfide to calcium oxide. This material was obtained from Cerac Inc., which reported the particle size to be -325 mesh with a Fisher size of 5.92 µm. Other materials were employed as calcium-based sorbents for studying the effect of repeated sulfidation and regeneration. These materials included reagent-grade calcium oxide and calcium carbonate as well as two types of limestone which had the composition shown in Table 1 . This table also shows the composition of two types of flyash which were mixed with the sorbents for some experiments. The class C flyash came from a power station burning subbituminous coal from Wyoming, and the class F flyash came from a power station burning high-volatile bituminous coal from the Midwest.
Since the calcium sulfide and reagent-grade materials were obtained as fine powders, they were pelletized or briquetted before using. Disc-shaped pellets having a diameter of 6.35 mm and thickness of 1-2 mm were formed with a doubleacting stainless steel die by application of high pressure with a hand-operated hydraulic press. No binding material or die lubricant was used. For some experiments the pellets were used directly, whereas for other experiments the pellets were crushed and the particles sized by screening. For studying the sulfidation and regeneration of limestone, the crushed raw material was sized by screening.
For conducting an experiment in which essentially pure calcium sulfide was converted to calcium oxide by the cyclic oxidation/reduction process, a single disc or pellet of the material was placed in a quartz basket which was suspended inside a vertical, tubular reactor from a calibrated electrobalance. The reactor made of 25 mm diameter quartz tubing was heated by a temperature-controlled electric furnace. The reaction temperature was measured with a thermocouple protected by a smaller quartz tube located next to the basket holding the sample. The mixture of gases supplied to the reactor was prepared by combining various pure components which were metered separately by calibrated rotameters.
At the start of the experiment, the reactor with a sample in place was heated to reaction temperature as nitrogen was passed through the reactor at a flow rate of 1.0 L/min measured at room temperature and pressure. When the sample reached the required temperature, it was subjected to the cyclic oxidation/reduction treatment by varying the composition of the gas supplied to the reactor in a periodic manner. During each cycle, a mixture of oxygen and nitrogen was supplied for 1.0 min followed by a mixture of a reducing gas and nitrogen for 1.0 min. The shift from one gas mixture to another required only a few seconds, and while the change was taking place there may have been some intermixing of oxidizing and reducing gases. However, the intermixing did not cause any observable problems. At the gas flow rate employed, the reactor would have been cleared of one gas mixture by another mixture within 5 s. of making a change assuming plug flow. As the run progressed at constant temperature, the weight of the sample was recorded continuously, and when the sample approached a constant weight, the run was discontinued.
For conducting an experiment to study the repeated sulfidation and regeneration of a calcium-based sorbent, a number of crushed and sized particles in the range of 0.83-1.17 mm, unless otherwise noted, were placed on a quartz pan which was suspended inside the tubular reactor. The sample was heated and calcined in a stream of nitrogen to decompose carbonate minerals. The material was then sulfided at 1100°C
by treating it with a gas mixture having the following composition: 10% SO 2, 15% CO, and 75% N2. It was anticipated that at this temperature the sulfur dioxide would be reduced to carbonyl sulfide. A gas flow rate of 1.5 L/min measured at room temperature and pressure was employed, and the treatment was continued until the sample approached a constant weight. This treatment was followed by calcium oxide regeneration using the cyclic oxidation/reduction process described above. Regeneration was also conducted at 1100°C but using a gas flow rate of 1.0 L/min and a gas mixture whose composition alternated between 10% O 2/90% N2 and 30% CO/ 70% N 2.
Experimental Results and Discussion
Initial experiments were conducted to determine the effects of gas composition and temperature on the overall rate of conversion of calcium sulfide to calcium oxide by the cyclic oxidation/reduction process. Later experiments were conducted to determine whether or not calcium-based sorbents would retain their reactivity when subjected to repeated sulfidation and regeneration, particularly when contaminated with coal ash.
Treatment of Pure Calcium Sulfide. A series of experiments was conducted in which single pellets of essentially pure calcium sulfide were treated by the cyclic oxidation/reduction process at a constant temperature, and the conversion of calcium sulfide to calcium oxide was determined throughout each run from the loss in weight of the reacting pellet. Temperature, oxygen concentration, and the type of reducing gas and its concentration were varied among different runs.
To determine the effect of oxygen concentration during the oxidizing phase of each cycle on the overall rate of conversion, several runs were conducted in which oxygen concentration was varied among runs while temperature was held constant at 1050°C and carbon monoxide in 30% concentration was employed during the reducing phase of each cycle. The results which are presented in Figure 1 provide a graphic indication of the reaction kinetics since the slope of any given curve was a measure of the overall rate of conversion of calcium sulfide to calcium oxide. It can be seen that the highest overall rate of conversion was achieved with 20% oxygen. With either higher or lower oxygen concentrations, the overall rate of conversion was lower.
To study the effects of reducing gas type and concentration, a number of runs were conducted in which carbon monoxide, natural gas, or propane was used individually as a reducing agent. While the reducing gas concentration was also varied among runs, an oxygen concentration of 10% was used during the oxidizing phase of each cycle and the temperature was maintained at 1050°C. The results obtained with carbon monoxide are presented in Figure 2 , and they indicate that the highest overall rate of conversion was achieved with a concentration of 30%. The results achieved with natural gas and propane, which are shown in Figures 3 and 4 , respectively, indicate that the maximum rate of conversion was observed while using either 5% natural gas or 2% propane. Since these gases have a greater reducing power than carbon monoxide, it is not surprising that the optimum concentrations of natural gas and propane were lower than that of carbon monoxide. The relative reducing power of the gases is illustrated by the stoichiometry of the following reactions, assuming natural gas to be largely methane: In every case with less than the optimum concentration of reducing gas, the rate of conversion was lower probably because the rate of reductive decomposition of calcium sulfate is proportional to reducing gas concentration. 11 With more than the optimum concentration, the rate was lower, probably because part of the calcium sulfate was converted to calcium sulfide instead of calcium oxide. 11, 14 It is also noteworthy that with an optimum concentration of reducing gas, the overall rate of conversion of calcium sulfide to calcium oxide was nearly the same for each of the reductants.
To investigate the effect of reaction temperature on the overall rate of conversion, a number of runs were carried out in which temperature was varied among runs while an optimum gas composition was employed for each phase of the oxidation/reduction cycle. The effect of temperature was investigated with each of the reducing gases. In every case the rate of conversion increased with increasing temperature over the range from 960 to 1100°C (see Figures 5-7) . When 30% carbon monoxide was used for reduction, an increase in temperature from 960 to 1000°C produced a major increase in the overall rate, while an increase in temperature from 1050 to 1100°C caused only a slight increase in rate (see Figure 5) . In contrast, when 5% natural gas was used for reduction, each incremental increase in temperature caused a more nearly similar increase in the overall rate (see Figure 6 ). At 1100°C there was only a slight variation in the overall rate which possibly could be attributed to the different reductants since the conversion was nearly complete in 35-40 min with any of the gases. However, at 960°C the overall rate varied noticeably among the reductants with carbon monoxide resulting in the lowest rate and propane the highest rate. This variation may have been due to a difference in the reactivity of the various reducing gases or to the concentrations not being quite optimum for the lower temperature treatment.
Repeated Sulfidation and Regeneration of Various Materials. Since the preceding results were highly encouraging, further experiments were conducted to determine the effect of repeated sulfidation and regeneration on various calcium-based materials. The materials included pure reagent-grade calcium oxide and calcium carbonate as well as two different limestones. Since the pure reagents were received as fine powders, they were first pelletized and then crushed and screened. The limestones received as somewhat coarser particles only had to be screened. The materials were calcined to decompose the carbonate minerals. In each experiment a number of particles were subjected to a series of sulfidation and regeneration cycles at 1100°C. During the sulfidation phase of each cycle, calcium oxide was converted to calcium sulfide by passing a mixture of sulfur dioxide and carbon monoxide over the particles until the material approached a constant weight. Then the calcium oxide was regenerated by subjecting the particles to the cyclic oxidation/reduction treatment and continuing the treatment until the material approached a nearly constant weight. The results obtained by subjecting pure calcium oxide particles to a series of five sulfidation and regeneration cycles are presented in Table 2 . During the first cycle, the sample gained 15 mg in 16 min due to sulfidation which corresponded to a conversion of calcium oxide to calcium sulfide of 83%. During the subsequent regeneration step, the sample lost 15 mg in 26 min which indicates that the material was converted completely back to its initial state (CaO). The last column in the table indicates the ratio of the weight lost during regeneration to the weight gained during sulfidation. It can be seen that the degree of sulfidation was slightly higher in the fourth and fifth cycles than in the first three cycles. Therefore, it appeared that the capacity of the material to react with carbonyl sulfide actually increased with use. Also, the time required to regenerate the sample decreased with each cycle, indicating greater reactivity with respect to the conversion of calcium sulfide to calcium oxide. Similar results were achieved by starting with granulated pure calcium carbonate (Table 3) except that the level of sulfidation was greater than observed in the previous experiment. The fact that the level of sulfidation seemed to exceed 100% suggests that the product may have contained a small amount of calcium sulfate in addition to calcium sulfide. Again the time required for regeneration tended to decrease from cycle to cycle. Although not shown, the results of another experiment with the same material produced very similar results.
The results obtained with limestone A (Table 4) were not greatly dissimilar. The material appeared to be almost completely sulfided and fully regenerated in each cycle. The time required for sulfidation (12-14 min) was unusually short, while the time required for regeneration (34-36 min) was unusually long. Also neither the time required for sulfidation nor the time required for regeneration changed significantly from one cycle to the next.
The results obtained with limestone B (Table 5) were most nearly like those obtained with pure calcium oxide. In both cases the level of sulfidation was similar, and the time required for regeneration decreased from cycle to cycle and reached a value of 12 min during the fifth cycle. Moreover, the time required for sulfidation of the calcined limestone was only slightly greater than that required for the pure calcium oxide.
Effect of Coal Ash on Repeated Sulfidation and Regeneration. Since none of the calcium-based materials declined in reactivity with repeated sulfidation and regeneration, another series of experiments was carried out to see whether coal ash would interfere with either the sulfidation step or the regeneration step. Either class C flyash or class F flyash was mixed with pure calcium carbonate, and then the mixture was granulated by briquetting, crushing, and screening. Each mixture was calcined and then subjected to a series of sulfidation and regeneration cycles as described above. For this series of experiments, particles in the range of 0.8-2.0 mm were used, which was larger than the particles used previously.
The results obtained by starting with a mixture of pure calcium carbonate and class C flyash are presented in Table 6 . For estimating the level of sulfidation, it was assumed that only lime derived from the pure calcium carbonate would be available for reaction with carbonyl sulfide, because the lime present in flyash would be combined most likely with the oxides of iron, silicon, and aluminum or with sulfate. Even so, it can be seen that the level of sulfidation was lower than that achieved by starting with only pure calcium carbonate. On the other hand, the regeneration of calcium oxide appeared complete following each sulfidation step regardless of whether or not flyash was present. Also, the cycle time was similar for both cases and the time required for regeneration decreased from one cycle to the next. The results obtained by starting with a mixture of pure calcium carbonate and class F flyash are shown in Table 7 . These results differed from the preceding results mainly in one important aspect. When class F flyash was present, the time required to sulfide the material increased from one cycle to the next indicating a decrease in the reactivity of the material. On the other hand, the reactivity of the material with respect to regeneration increased because the decrease in regeneration time from one cycle to the next was greater. One of the obvious differences between the two types of flyash was their iron content. The type F flyash had a ferric oxide content of 17.04% which was almost 3 times greater than that of the class C flyash. To see whether this difference could account for the difference in the behavior of the two mixtures when subjected to repeated sulfidation and regeneration, an experiment was conducted in which a small amount of ferric oxide was added to a mixture of calcium carbonate and class C flyash. This increased the concentration of ferric oxide to 3 wt % which was the same as the concentration in the preceding mixture of calcium carbonate and class F flyash. The results of treating the three-component mixture are shown in Table 8 . It can be seen that adding ferric oxide to the mixture caused the sulfidation time to increase from cycle to cycle in a manner very similar to that observed with the class F flyash.
Another experiment was carried out with a mixture of calcium carbonate and ferric oxide. The concentration of ferric oxide was increased to 5.7 wt %, and no flyash was incorporated in the mixture. When the granulated and calcined material was subjected to sulfidation, regeneration, and sulfidation, the results shown in Figure 8 were observed. The initial sulfidation step was rapid and a conversion of 95% was achieved. The loss in weight during the subsequent regeneration step was about 90% of the weight gained during sulfidation. However, the second sulfidation step proceeded much more slowly than the first step, and after 40 min the conversion had only reached 68%.
Other samples of the same mixture were treated similarly and then examined by X-ray diffraction analysis. After the first sulfidation step, most of the calcium was converted to calcium sulfide, but a small amount of calcium and some iron were converted to a complex calcium iron sulfate. Also some of the iron was converted to iron sulfide. After the subsequent regeneration step, most of the calcium sulfide was converted to calcium oxide, although some calcium sulfide remained and a small amount of a complex calcium iron oxide was present. While it was not confirmed, the complex material may have been calcium ferrite, since this material was reported to be a reaction product when a mixture of lime and hematite was heated in the presence of oxygen at 1185°C. 15 The formation of such a material could have inactivated the lime by forming a stable compound or by promoting sintering.
From the preceding results it is apparent that iron oxide can have a deleterious effect on the rate of conversion of calcium oxide to calcium sulfide whereas the other main components of coal ash seem to have little effect. Of course, relatively extreme conditions were used for demonstrating the effect of iron oxide since the iron oxide was incorporated intimately with the calcium oxide. In actual practice, coal ash containing iron oxide would probably only reach the outer surface of calcium-based sorbent particles where it might not have a significant effect.
Conclusions
Application of the cyclic oxidation/reduction process to pure calcium sulfide pellets showed that the material can be converted rapidly and completely to calcium oxide by this process. The overall rate of conversion depends on temperature and gas composition. An oxygen concentration of 20 mol % appears optimum for the oxidizing phase of each cycle, whereas the optimum reducing gas concentration for the reducing phase depends on the type of gas. For carbon monoxide, the optimum concentration is approximately 30 mol %; for 
